In this paper, the fuzzy logic control for maximum power point tracking (MPPT) of a solar photovoltaic (PV) module in water pumping application is presented. A PV system including a solar module, a DC/DC boost converter, a fuzzy MPP tracker and a resistive load is modelled and simulated for various atmospheric conditions. The P-V and I-V characteristics are first obtained for various values of solar irradiation and temperature. Also, the increased efficiency of the photovoltaic system using MPPT is computed and plotted. The fuzzy control method is compared with the perturb and observe (P&O) method in one hand and with an improved P&O technique using artificial neural network (ANN) in the other. The fuzzy MPP tracker is then applied to the water pumping system composed of a solar panel, DC/DC boost converter, DC/AC inverter, induction motor and centrifugal pump.
Introduction
Renewable energy technologies are playing an increasingly important role in supplying the world's electricity demands. For this, great efforts have been taken by the governments around the word to implement renewable energy programs, based mainly on solar energy, small hydro-electric power, wind power, etc. (Malek, 2015) . Solar photovoltaic (PV) energy is one of the most promising power generation technologies as it is pollution free, clean and inexhaustible. This energy involves converting solar energy directly into electrical energy by means of a solar cell. A solar cell is typically made of semiconductor materials such as crystalline silicon and absorbs sunlight and produces electricity through a process called the PV effect (Bayoumi, 2015) .
However, PV generation systems suffer from two major technical difficulties. Firstly, the conversion efficiency of electric power generation is low. Generally, laboratory cell efficiency is approximately 18% to 20%. Secondly, the output power of PV cells is influenced by the irradiance and ambient temperature. Since, solar cell I-V characteristics is nonlinear and changes with weather condition, there is only one point on the P-V curve, called maximum power point (MPP), at which the entire PV system operates with maximum efficiency and produces its maximum output power (Bounechba et al., 2014; Kesraoui et al., 2014; Liu et al., 2014) .
A DC/DC boost converter is used to overcome the problem of the nonlinearity of the PV generator and the variation of maximum point tracker with the variation of solar radiation and temperature. The boost converter adjusts the voltage, the current levels and matches the PV sources to the load (Vinifa and Kavitha, 2013) . To obtain a good performance, numerous methods for maximum power point tracking (MPPT) are proposed to be implemented in the PV system, such as perturbation and observation (P&O), incremental conductance (INC), voltage feedback methods, fuzzy logic control (FLC), neural network and genetic algorithms and so on.
The P&O and INC methods are commonly used in the MPPT system because of their simple implementation. However, the P&O method has two drawbacks regarding its performance. The first is power oscillation at the MPP and the other one is divergence of the MPP under atmospheric changes. The problem of power oscillation of the MPP also occurs with the INC method when fast tracking of the maximum power is desired (Padmanabhan et al., 2012) .
In this paper, an intelligent control technique using FLC for the MPP tracker under variable temperature and irradiation conditions is discussed. This technique has the objective to draw as much power as possible from the PV module by adjusting continuously the duty cycle of the DC-DC boost converter.
The MPP tracker, which is based on FLC, is compared with P&O method and improved P&O technique that uses artificial neural network (ANN). First, it is applied to resistive load to show the performances comparatively to traditional methods. Then, a typical PV pumping system is modelled and simulated by using the proposed technique.
PV solar system
The basic PV structure is shown in Figure 1 . The system consists of PV module, a DC/DC boost converter, an MPPT control unit and a resistive load. 
PV module
A solar cell can be modelled with a current source in parallel with a diode, a shunt resistor to represent ground leakage, and a series resistor to account for power loss associated with cell current (Figure 2 ) (Salem and Awadallah, 2014) . So we can mathematically express the current produced by the solar cell as (Khireddine et al., 2014; Eckstein, 1990; Salem and Awadallah, 2014; :
The mathematic relationship for the current and voltage in the single diode equivalent circuit can be described as follows: T absolute temperature (in Kelvin)
A P -N junction ideality factor I s diode saturation current.
When PV cells are arranged in N p parallel cells and N s series cells to form the solar module, the equivalent circuit of PV module can be described as shown in Figure 3 .
The PV module parameters chosen for modelling and simulation are listed in Table 1 . With different temperatures and solar irradiations, the output characteristics of PV module are simulated. We vary the irradiations between 400 w/m 2 and 1000 w/m 2 . A constant temperature of T = 25° is considered. The influence of irradiations on I = f(V) and P = f(V) is shown in Figure 4 . In Figure 5 , it is shown that the MPP operating voltage point of PV module is decreasing when the cell temperature is increasing.
DC/DC boost converter
A boost converter is a step-up DC to DC converter. The operation of the boost converter is fairly simple. It is composed of an input capacitor C in , an inductor L, a switch (usually MOSFET) and an output capacitor C out . The power switch is responsible for modulating the energy transfer from the input source to the load by varying the duty cycle D (Aashoor and Robinson, 2013; Bouchafaa et al., 2011; Dileep and Singh, 2015; Kesraoui et al., 2012) . The classical relationship between input and output voltage of a boost converter operating at steady state condition is given by:
The electrical circuit of a boost converter is shown in Figure 6 . 
P&O MPPT algorithm
The well-known problem of the MPPT consists of finding the MPP voltage at which the PV module provides the maximum output power. Classical perturb and observe (P&O) method is widely used to track this point. It is based on the perturbation of the system by the increase of the cycle. Then the observing of the effect on the output module, if the power increases, we are on the ascending phase otherwise we are in the descending phase. Hence, the increase in V is maintained in the first case or a negative V is applied in the second one. This process is repeated until validation (Bouchafaa et al., 2011; Bounechba et al., 2014; Kesraoui et al., 2012 Kesraoui et al., , 2014 Liu et al., 2014) . The flow chart corresponding to this method is given in Figure 7 . 
Improved P&O technique
In this method, the P&O algorithm is improved by the addition of another loop for the calculation of an optimal voltage Vop. The ANN will have the task of determining this voltage which will next be used by the P&O technique. The ANN loop works once and the P&O one for N sample times. The flow chart of the improved P&O MPPT-ANN algorithm is shown in Figure 8 .
To develop the required ANN, a set of data base needs to be collected. And it will be used in the training (Kesraoui et al., 2014; Norgaad et al., 2003) . So a set of eighty points of optimal voltages at different irradiances in W/m 2 [50; 1000] and changing temperatures in degree °C [25; 35; 50; 75] were extracted based on the characteristic of our panel (Kesraoui et al., 2014) . Then, the MATLAB-Simulink block of the ANN with a two-layer feed-forward with sigmoid hidden neurons and a linear output neuron was developed using the neural network fitting tool GUI (nftool). The network was trained with Levenberg-Marquardt back propagation algorithm. The inputs data are divided into three sets: used in the training of the network, for the validation, and the rest for the test, to fit the target as chosen to be Vop (Kesraoui et al., 2014) . 
Fuzzy logic MPPT controller
Fuzzy logic controllers have been widely used for industrial processes in the recent years. In this paper, the objective of the control is to track maximum power as much as possible, that this will lead consequently to maximise the motor speed.
Fuzzy logic controllers have the advantage to be robust and relatively simple to design as they do not require the knowledge of the exact model. They do require in the other hand the complete knowledge of the operation of the PV system by the designer. A fuzzy logic controller basically includes fuzzification, rule base, inference method and defuzzification method (Aashoor and Robinson, 2013) . The block diagram of the fuzzy logic controller is shown in Figure 9 . 
Fuzzification
The fuzzification is the process of converting input/output variable to linguistic levels based on subsets called membership function.
The proposed fuzzy logic-based MPPT controller has two inputs which are the error (E) and change in error (DE) in addition to one output; the change in duty cycle D. The input variables are defined by:
where P(k) and V(k) are the instant power and voltage of the boost converter. F p , F v and F E are the scaling factors. The scaling factors play an important role in optimising performance. In this work, we have used the trial method to define these values and we obtained:
The membership function of the inputs and output variable are presented by symmetric triangular functions and defined in common normalised range of [-1, 1] as shown in Figure 10 . In this case, the membership function are five fuzzy subsets, NB (NegativeBig), NS (NegativeSmall), EZ (EqualZero), PB (Positive Big), and PS (Positive Small) have been chosen.
Rule base
The behaviour of the control surface which relates the input and output variables of the system are governed by a set of rules. A typical rule would be -'If x is A THEN y is B'. These rules are based on an expert knowledge and an understanding behaviour.
The main idea of the rule is to bring the operating point to the MPP by increasing or decreasing the duty cycle depending on the position of the operating point from the MPP.
1 If E(k) is negative, the operating point is therefore on the right of the MPP:
• The working point moves away from the MPP, and then we must increase the voltage. As a result, we decrease largely the duty cycle.
• The working point converges towards the MPP, and then we must increase the voltage. As a result we decrease a little the duty cycle.
2 If E(k) is positive, the operating point is therefore on the left of the MPP:
• The working point converges towards the MPP, and then we must increase a little the duty cycle to decrease the voltage.
• The working point moves away from the MPP, and then we must increase largely the duty cycle to decrease the voltage.
3 If E(k) is zero, the value of P will take its maximum.
When all the rules are fired, the resulting control surface is expressed as a fuzzy set to represent the constraints output. This process is termed as inference.
Defuzzification
Defuzzification is the process of conversion of fuzzy quantity into crisp quantity. There are several methods available for defuzzification. The method used in this paper is called centroid method (Purnama et al., 2011; . Membership function used for the input variables and output variables are shown in Figure 10 
A fuzzy rule bas is formulated for the present application and is given in Table 2 . The fuzzy inference of the FLC is based on the Mamdani's method which is associated with the max-min composition. 
Simulation with stable conditions
The FLC algorithm will compared with P&O method and ANN-P&O algorithm using MATLAB/Simulink under different conditions. The boost converter components design led to: Cin = 220 µF; Cout = 220 µF; L = 18 mH
The switching frequency is taken as: f = 20 khz the resistive load R = 30 ohm. The solar irradiance taken is 1000 and the temperature is T = 25°C. The PV system output powers for all methods compared with FLC one are shown in Figure 11 and Figure 12 . Also the efficiency are shown in and Figure 13 and Figure 14 . 
Comments
In stable conditions, the simulation of the PV system shows the effectiveness of the fuzzy logic MPPT controller, since it becomes constant at the maximum value after a small stilling time. The power curve obtained by FLC is more stable than the conventional MPPT techniques.
Rapidly changing conditions
The solar irradiance is supposed to be growing by step increase (G = 600, 800, 1000 W/m 2 ) and T the temperature is 25°C. The simulation results for power output and efficiency for all methods are represented in Figure 15 , Figure 16 , Figure 17 and Figure 18 . 
Discussions
When the solar radiation changes rapidly and by considering that the PV temperature is kept constant at 25°C, the FLC has a good performances such as rapidity and damping of the overshoot in comparison to other methods.
MPPT fuzzy controller applied to water pumping system

System description
A PV water pumping system is used as an application for the proposed fuzzy logic controller. The complete system is shown in Figure 19 . It consists of PV generator, DC/DC boost converter, DC/AC inverter, asynchronous machine and a centrifugal pump (Lalouni and Rekioua, 2013; Mathew and Selvakumar, 2011; Yahyaoui et al., 2015) . 
Induction motor modelling
The dynamic model of induction motor expressed in the rotating coordinate system can be represented by the following equations, where Rs, Ls, Rr and Lr are the stator and the rotor phase resistances and inductances, respectively, M is the magnetising inductance and ws and wr are the stator and the rotor pulsations respectively. Vsd, Isd, Vsq and Isq are the d -q stator voltage and currents, respectively. Ird and irq are the rotor currents, along the d and q axes (Lalouni and Rekioua, 2013 
The torque equation is given by:
The induction machine parameters used for modelling and simulation are listed in Table 3 . 
Centrifugal pump modelling
The hydraulic output power of the pump can be characterised by (Aashoor and Robinson, 2013; Lalouni and Rekioua, 2013) : The relation between the hydraulic output power P h of the pump and the mechanical input power P m can be defined as the pump efficiency and is given by:
where m e m P C w =
The load torque of the centrifugal pump can be described by: The centrifugal pump parameters chosen for modelling and simulation are listed in Table 4 . 
Simulations results
The FLC algorithm is applied and simulated for the PV water pumping system using MATLAB/Simulink under different conditions. First, the solar irradiance G taken is 1000 w/m 2 and T the temperature is 25°C. The water flow rate and rotor speed are shown in Figure 20 and Figure 21 . Also, the electromagnetic is shown with zooming in Figure 22 . The command with the adapter MPPT optimises power delivered by the PV generator according to the irradiance and the temperature as seen above. This allowed the pumping system to operate at the optimal operating point.
Simulation results are satisfactory. Indeed, the pump flow is at maximum when the motor speed is at maximum. Second, the solar irradiance G is taken variable and T the temperature is kept 25°C. The water flow rate and rotor speed are shown in Figure 23 and Figure 24 , respectively. Also, the electromagnetic is shown in Figure 25 . To improve efficiency of the PV pumping systems, the FLC MPPT in the DC-DC converter at varying irradiation is applied and simulated. The results show that the rotor speed changes under different value of irradiations, but this changing does not affect the water flow rate of the pump.
Conclusions
A PV system with an intelligent MPPT has been modelled using a DC/DC boost converter to maintain the constant output power of the load at maximum point in variable solar irradiation. This controller was tested and simulated by using MATLAB/SIMULINK. From the results, it was clearly found that the PV system becomes more efficient when a MPPT controller is included in the PV system when compared to a PV system without MPPT. Furthermore, it has been proved that the FLC has a very good performance compared to other methods. It reduces the time response of the PV system and also it eliminates the fluctuations around the MPP. The use of FLC can improve the efficiency of the overall system by minimising the energy losses when the irradiation is variable rather than the classical method such as the P&O technique. The FLC MPPT is applied to a water pimping system. The simulation results show that the water flow rate of the pump is maintained constant even though the irradiation varies.
